The aim of this study was to evaluate the in vitro cytotoxicity and cytocompatibility of the developed aliphatic polyester co-polymer scaffolds: poly(L-lactide-co-"-caprolactone) and poly(L-lactide-co-1,5-dioxepan-2-one). The scaffolds were produced by solvent casting and particulate leaching, and tested by direct and indirect contact cytotoxicity assays on human osteoblast-like cells and mouse fibroblasts. Cell morphology was documented by light and scanning electron microscopy. Viability was assessed by the MTT, neutral red uptake, lactic dehydrogenase and apoptosis assays. Extraction tests confirmed that the scaffolds did not have a cytotoxic effect on the cells. The cells grew and spread well on the test scaffolds with good cellular attachment and viability. The scaffolds are noncytotoxic and biocompatible with the two cell types and warrant continued investigation as potential constructs for bone tissue engineering.
INTRODUCTION B one tissue engineering is a relatively new interdisciplinary
science concerned with the development of constructs to guide and support the regeneration of diseased and damaged bone tissue [1] . A promising approach is to culture osteogenic cells on scaffolds made of biodegradable and biocompatible material. The function of the scaffold is to simulate bone extracellular matrix, guiding cell adhesion, migration, proliferation and differentiation, and tissue regeneration in three dimensions [2] . The requirements of an ideal scaffold include excellent biocompatibility, adequate pore size, controllable biodegradability, and suitable mechanical properties [2] .
Synthetic biodegradable polymers have been proposed as excellent materials for bone tissue engineering and are commonly used within the biomedical engineering field [3] . Biodegradable synthetic materials such as aliphatic polyesters derived from cyclic monomers, for example, L-lactic acid (LLA), glycolide (GA), and "-caprolactone ("-CL) and their copolymers, offer a promising strategy since they initially can act as templates for cell adhesion, proliferation, and are ultimately resorbed [3] . In vitro, these materials degrade hydrolytically and the degradation rate can be tuned by adjusting the hydrophobicity, molecular weight, molecular architecture, and crystallinity of the polymer chain [3] [4] [5] . Ring-opening polymerization (ROP) of lactones and lactides are often initiated by tin initiators [6, 7] . By using tin initiators, the materials have been shown to have a wide range of mechanical properties that are interesting for tissue engineering applications [8] . Sn(Oct) 2 has also been used in commercially available medical polymers and as a food additive approved by the Food and Drug Administration and widely used for ring-opening polymerizations [6, 7] .
In vitro biocompatibility tests offer preliminary evaluations of newly developed materials, reducing the probability of untoward effects when animal tests or clinical trials are undertaken [9] . Cytotoxicity testing is the initial phase of evaluation of biocompatibility. It serves as a reliable, convenient, reproducible screening method to detect cell death or other serious impairment of cellular function [10] [11] [12] . In vitro studies show a direct correlation between toxicity and cell death, reduced cell proliferation, altered morphology, and impaired adhesion [11, 13, 14] . Indicators of cell death include reduced biosynthetic activity, the release of cytoplasmic metabolites or the uptake of nonviable stains [15, 16] , resulting from cell membrane rupture. Apoptotic activity is also an indicator of cell viability. Bcl-2 and Bax are two discrete members of a gene family involved in the regulation of cellular apoptosis; hence, changes in expression of these genes represent a measure of apoptotic activity [17] .
Cytotoxicity tests of biomaterials target mainly substances/fragments which leached out in to surrounding tissue. For example, polymers often have low molecular weight 'leachables' (additives, low molecular weight components, initiator fragments, etc.) and solvent residuals from processing that exhibit varying levels of physiologic activity and cell toxicity [10, 12] . Therefore, the aim of the present study was to evaluate the cytotoxicity and cytocompatibility for the developed production of synthetic copolymer scaffolds for bone tissue engineering which could result from leaching from the initiator system, solvents, low molecular weight chains and salt in two test materials, poly(L-lactideco-"-caprolactone) and poly(L-lactide-co-1,5-dioxepan-2-one) (poly(Llactide-co-DXO)) and a control made of poly(L-lactide) (PLLA). The biological responses of two cell types were tested using a mouse fibroblast cell line (L929) and human osteoblast-like cells (HOBs).
MATERIALS AND METHODS

Scaffold Materials
The copolymerization of L-lactic acid (LLA), 1,5-dioxepan-2-one (DXO) or "-caprolactone ("-CL) has been described by Stjerndahl et al. [18] . The polymerization was performed in bulk using ethylene glycol and a low amount of stannous 2-ethylhexanoate (Sn(Oct) 2 ), at a ratio to monomer of approximately 1:10,000 [18] . The polymerizations were carried out at 1108C for 72 h under nitrogen atmosphere. The resulting co-polymers consisted of 75 mol% L-lactide and 25 mol% of the corresponding co-monomer, verified by 1 H-NMR. The molecular weights were found to be $100,000 g/mol for all polymers, confirmed by size exclusion chromatography calibrated against polystyrene standards [7] .
Porous 3D scaffolds made from Poly(LLA-co-"-CL), Poly(LLAco-DXO) and a 3D PLLA control were prepared by solvent casting and particulate leaching method [7, 19, 20] . Mortared sodium chloride particles were used as the pore creating additive that yielded a wide range of particle sizes with no discriminating dimensions. Total porosities of approximately 90 vol% [7] were achieved for all polymer scaffolds. All samples were irradiated under an inert nitrogen atmosphere [21, 22] by electron beam using a 6.5 MeV pulsed electron accelerator (Microtron, Acceleratorteknik, The Royal Institute of Technology, Stockholm) with a radiation dose of 2.5 MRad. incubated in parallel. The cytotoxicity of the scaffolds was evaluated according to ISO/EN 109935 guidelines, using 24 h and 7 d extraction periods [26] .
For indirect contact tests, L929 cells were seeded in cell culture plates, in order to reach 80% confluence in 24 h. Thereafter, the culture medium was replaced by the extracts of the scaffolds and incubated for another 24 h.
Extract Preparation
Scaffolds (1.25 cm 2 /mL) were incubated in culture medium for 24 h and 7 d at 378C with constant shaking (60 rpm) in order to simulate closely the effect of the degradation products in a dynamic environment. The extract was then filtered (0.2 mm pore size) to eliminate any solid material particles and maintained at À208C. For the extraction tests, complete culture medium in TCPS served as the negative control and 20 mg/mL phenol 99þ % (Sigma-Aldrich, USA) in the media served as the positive control.
For direct contact tests, the scaffolds were placed in contact with cells for specific periods of time to identify morphological changes resulting from this contact, as well as to observe cellular adherence, behavior and spreading on the material. The scaffolds (12.5 mm in diameter by $1.5 mm in thickness) were placed into 48-well culture plates and containing MEM supplemented with 10% FCS and 1% antibiotics. After incubating for 24 h, the cells were seeded onto the scaffolds at a density of 10 5 cells/scaffold and allowed to incubate for either 24 h or 7 d. The medium was changed every third day.
MTT Assay
The mouse L929 cells were seeded in 96-well cell culture plates (1 Â 10 4 cells/cm 2 ), and reached 80% confluence in 24 h. The 24 h and 7 d extracts were placed in contact with the monolayer for 24 h. A negative and a positive control were also included. Thereafter, the viability test using MTT assay was performed and four samples were measured. The culture medium was replaced by a solution of MTT (Sigma, USA) and the cells were incubated for 4 h. The viable cells, those with functional mitochondrial dehydrogenase, were able to reduce the yellow MTT to a purple formazan product [27] . The medium was discarded and the precipitated formazan was dissolved in 0.5 mL DMSO containing 6.25% (v/v) 0.1 M NaOH. The end product was quantified by microplate spectrophotometer (BMG LABTECH, GmbH, Germany) at a wavelength of 570 nm and expressed as optical density (OD) units after blank subtraction.
Lactate Dehydrogenase Assay
Cytotoxicity was evaluated by measuring the number of L929 cells on the scaffolds via total cytoplasmic LDH, using the commercially available TOX-7 kit (In vitro Toxicology Assay Kit, Sigma-Aldrich, USA) in accordance with the manufacturer's instructions [28] . The L929 cells were seeded onto scaffolds in 48-well cell culture plates (1 Â 10 5 cells/scaffold) and after 24 h and 7 d of culture, the medium in the wells was removed and the scaffolds with the cells attached were washed twice with PBS. Thereafter, attached cells were lysed for 45 min at 378C to release LDH from the cytosol of all viable cells, and the plate was centrifuged for 4 min to pellet the debris. The aliquot was transferred to a clean flat-bottom plate and the LDH reaction reagents were added to the lysates and the plate was incubated for 30 min at RT. The reaction was terminated by addition of 1/10 volume of 1 N HCl to each well and four samples were measured. OD at 450 nm was recorded and taken as a measure for the quantity of cells.
Cell Morphology
The human osteoblast-like cells (HOBs) (15 Â 10 3 cells/cm 2 ) were cultivated in 24-well cell culture plates for 24 h and incubated with extract from the various scaffolds as well as the control culture medium for 24 h. The cultured cells were fixed in 10% buffered formalin at room temperature (RT) for 2 min and stained with crystal violet for additional 2 min. The attached cells were washed gently with distilled water and allowed to dry overnight. The samples were photographed under light microscopy with an inverted optical microscope (Nikon Eclipse TS100, Invitrogen, Japan).
Scanning Electron Microscopy
The scaffolds were seeded with HOBs (2 Â 10 5 cells/scaffold) for 24 h, the samples were fixed in glutaraldehyde, dehydrated, critical point dried, and sputter-coated with a layer of gold-platinum for observation by scanning electron microscopy (SEM) on (Jeol JSM-7400 F, Tokyo, Japan).
Apoptosis Assays
To test the effect of each scaffold on apoptosis of osteoblast cells, four samples were used to measure the caspase 3/7 activity. Also, the Real-Time PCR method was used to measure the levels of expression of the apoptotic markers Bcl2 and Bax as confirmation of apoptosis.
Caspase 3/7 Activity Assay
Apoptosis was measured via active caspases 3/7 in whole living, intact cells using Magic Red Caspases 3/7 Detection kit (ImmunoChemistry Technologies, Bloomington, USA). Briefly, HOBs (2 Â 10 5 cells/scaffold) were incubated with 1 mM staurosporine for 4 h to induce apoptosis. Once induction was completed, 300 mL from each cell suspension were transferred to a sterile black microtiter plate, followed by addition of 10 mL 31 Â MR-(DEVD) 2 and gentle mixing of the cells. The cells were incubated for at least 1 h at 378C under 5% CO 2 and protected from light. The 300 mL sample well content was separated into 3 wells of 100 mL each, and the fluorescence intensity was measured with a fluorescence plate reader at 540-590 nm excitation and 4610 nm emission.
Real-time RT-PCR
The effects of the scaffolds on the gene levels of Bcl-2 and Bax in HOBs were studied. The scaffolds were seeded with HOBs (2 Â 10 5 cells/ scaffold) and total RNA was extracted after 24 h and 7 d using combined TRIzol Õ reagent (Gibco BRL, Carlsbad, CA, USA) and E.Z.N.A. TM Tissue RNA kit (Omega Bio-Tek, Doraville, USA) protocols, following the manufacturer's instructions. Total RNA from all samples was subjected to 30 U DNase I treatment (20U/mL RNase-Free DNase I, Omega Bio-Tek, Doraville, USA) at RT for 15 min. The quantity and quality of the extracted RNA were checked by spectrophotometry (NanoDrop Technologies, Inc., Wilmington, DE, USA) and 300 ng of total RNA was reverse transcribed using the High-Capacity cDNA Archive Kit system (Applied Biosystems, USA) for cDNA synthesis.
The quantitative Real-Time PCR was performed with TaqMan Universal Fast PCR Master Mix (2Â , Cat. No. 4366073, Applied Biosystems, Foster City, CA, USA). The PCR amplification of the apoptotic markers was done in triplicate, each with 10 mL reaction volume. The PCR reaction mix containing 0.5 mL of the respective TaqMan probes (Bcl2: Hs00153350_m1, Bax: Hs00180269_m1), 3.5 mL of nuclease free water, 5 mL of universal fast master mix and 1 mL cDNA was prepared and run in 96-well microtiter plates using ABI StepOnePlus TM Real-Time PCR System (Applied Biosystems) with thermocycling conditions set to 1 cycle of 958C for 20 s, 40 cycles of 958C for 1 s and 608C for 20 s. The data were analyzed by the Comparative C T method for relative quantification. The threshold cycles (C T ) were automatically calculated using StepOne v.2 software. The 2 ÀÁÁCt method was used to quantify the gene expression level of the apoptotic markers. GAPDH (GAPDH: Hs99999905_m1) was used as the endogenous control and HOBs cultured on TCPS were used to normalize mRNA expression.
Statistical Analysis
Statistical analysis was performed using SigmaStat version 3.1 package software software and One Way Analysis of Variance (ANOVA) with All Pairwise Multiple Comparison tests, followed by Tukey Test. Differences between the means were considered statistically significant when p50.05.
RESULTS
MTT
The MTT assay results revealed that the 1 and 7 d extracts from PLLA, poly(LLA-co-CL) and poly(LLA-co-DXO) scaffolds did not affect the viability and proliferation of the L929 cell line: proliferation was comparable to that in the control medium ( Figure 1 ). Furthermore, no differences were observed among the scaffold groups ( p40.05).
LDH
The cytotoxicity results after 24 h and 7 d incubation periods are shown in Figure 2 . A noncytotoxic effect was noted for all three scaffolds; PLLA, poly(LLA-co-"-CL), and poly(LLA-co-DXO). Cells seeded onto TCPS with complete culture medium served as 2D negative controls and were compared with 3D cultures on the porous scaffolds. No statistically significant differences were found after 24 h in comparison to the control. Cell proliferation in all the 3D scaffolds showed a continual increase from 24 h to 7 d. In addition, the OD values for the poly(LLA-co-"-CL) and poly(LLA-co-DXO) scaffolds were significantly higher than those for the PLLA scaffold and TCPS at day 7 ( p50.05).
Cell Morphology
The results of cell morphology are illustrated in Figures 3 and 4 . The morphology of HOBs cultured in different scaffold extracts is presented in Figure 3 . Cell viability staining indicated that HOBs cultured in extract from PLLA, poly(LLA-co-"-CL), and poly(LLA-co-DXO) scaffolds showed good viability after 24 h incubation. No obvious differences in cell morphology were observed in cells grown on TCPS with scaffold extracts and with control culture medium (a-MEM).
SEM images of the morphological features of HOBs cultured on the PLLA, poly(LLA-co-"-CL), and poly(LLA-co-DXO) scaffolds for 24 h are shown in Figure 4 (a)-(c). The cells spread well, in intimate contact with the surface of the scaffold, and partially covered the scaffold surface. Moreover, the cells adhered to the scaffold surface, with some of the cells attaching to the rim of the pore. TCPS served as the control (Figure 4(d) ). 
Apoptosis Assay
The results for cell death are summarized in Figure 5 . Figure 5 (a) shows that the enzymatic activity of caspases 3 and 7 on the scaffolds is similar to that on the negative control after 24 h ( p40.05). Bcl2 (antiapoptotic) and Bax (pro-apoptotic) gene expression levels were assessed as markers of apoptosis. For HOBs seeded onto the scaffolds, after 24 h, no statistically significant differences were found in comparison to the control. However, as shown in Figure 5 (b), significant changes were observed after 7 d: an increase in Bcl-2 and a decrease in Bax expression ( p50.05). At this time-point, a better cell viability and fewer cell deaths were associated with the poly(LLA-co-DXO) scaffold.
DISCUSSION
The present in vitro study evaluated the cytotoxicity and cytocompatibility of the developed co-polymer scaffolds for bone tissue engineering, with special reference to the biological response of mouse fibroblasts (L929) and HOBs. L929 is a cell line commonly used in cytotoxicity testing and HOB is a relevant cell line for application in bone regeneration.
The purpose of cytotoxicity assays is primarily to determine possible toxic effects of products leached from potential biomaterials. With respect to the developed scaffolds in the present study, cytotoxicity could be attributable to leachables derived from the initiator system, solvents, low molecular weight chains and salt in two test materials, poly(LLAco-"-CL) and poly(LLA-co-DXO) and a PLLA control [29, 30] .
Poly(LLA-co-"-CL) and poly(LLA-co-DXO) co-polymers were polymerized using Sn(Oct) 2 as a catalyst. In previously published work from our group on poly(LLA-co-"-CL) and poly(LLA-co-DXO) co-polymers, a catalyst: monomer ratio of 1:600 was used, yielding polymers with high residuals of tin [7, [18] [19] [20] . Tin is potentially toxic in cell cultures and should be kept to minimum levels. Even so, the residual amount of tin in the material after the polymerization needed to be strictly controlled due to its possible toxicity [31] [32] [33] . New data from our group have shown that tin residuals can be reduced by decreasing the catalyst:monomer ratio to 1:10,000 [18] . Cytotoxicity assays with extracts are usually defined as indirect contact assays. The MTT assay using L929 cells revealed that none of the extracts from the scaffolds in the present study affected the viability of the cells. In addition, the direct contact using LDH assay showed that the cells were able to grow and proliferate well. Over time, cell proliferation on poly(LLA-co-DXO) scaffolds was better than on the control PLLA scaffold and TCPS. This may be due to the higher hydrophilicity of poly(LLA-co-DXO) copolymer films compared to PLLA polymers [19] . Figure 5 . (a) Caspase 3 and 7 activity in human osteoblast-like cells cultured on PLLA, poly(LLA-co-"-CL), and poly(LLA-co-DXO) scaffolds for 24 h. Results are expressed as relative fluorescence unit (RFU). After 24 h of incubation, no differences ( p40.05) were found between the caspase activities of the osteoblasts in contact with different scaffolds and the negative control (cells cultured on tissue culture plate with complete culture medium). (b) mRNA expression levels of Bcl2 (anti-apoptotic) and Bax (pro-apoptotic) by human osteoblast-like cells after culturing on scaffolds for 1 and 7 d. No statistically significant differences were found after 24 h in comparison to the control, but after 7 d cells from the scaffolds showed an increase in expression of Bcl-2 and a decrease in Bax ( p50.05).
The results, in accordance with data from previous studies [29, 34, 35] , show that PLA/glass foams, PLLA films with apatite or apatite/collagen composite coating, and PLLA films modified with poly(ethyleneimine), respectively, remarkably improved the adhesion, viability, proliferation, and function of HOBs compared to PLA foams and PLLA films, respectively [29, 34, 35] .
Compared with the cultures on a 2D TCPS, the 3D porous scaffolds provided greater surface areas for cell seeding and spreading. Our results confirmed the in vitro biocompatibility of both poly(LLAco-"-CL) and poly(LLA-co-DXO) scaffolds with the two cell types, promoting cell proliferation without a cytotoxic effect.
The HOBs were cultivated in different scaffold extracts, and observed by inverted phase contrast microscopy. Cells seeded with the extract from the scaffolds and complete culture medium showed normal growth morphology and attached well to the bottom of the culture plate. The SEM images showed good attachment and spreading of the cells on the scaffolds.
Apoptosis, or programmed cell death, is involved in homeostatic and pathological process in the body [36] . Bcl-2 and Bax belong to a gene family involved in the regulation of cellular apoptosis. In a viable cell, the proapoptotic member, such as Bax, has an antagonist antiapoptotic member, such as Bcl-2 [17] . Downstream of Bcl proteins in the apoptotic cascade are the caspases, a family of intracellular cysteine aspartic specific proteases which play a pivotal role in apoptosis. Caspases 3 and 7 are important mediators that degrade other intracellular protein substrates at an early stage of apoptosis [37, 38] . In particular, caspase 3 is activated in apoptosis. Moreover, the increase in caspase 3 activity is synchronized with increased Bax and decreased Bcl-2 expression [39, 40] . In the present study, apoptotic activity within cells on the scaffolds was investigated using a fluorogenic substrate for caspases 3/7 and quantitative RT-PCR. After 24 h of seeding the scaffolds with HOBs, the cellular caspase activity did not differ significantly from that of cells seeded on TCPS with complete culture medium (negative control).
The mRNA expression of Bcl-2 and Bax at 1 and 7 d after seeding of HOBs onto PLLA, poly(LLA-co-"-CL), and poly(LLA-co-DXO) scaffolds was investigated quantitatively by RT-PCR. After 24 h, the change in expression of Bcl-2 and Bax genes was not significantly different from that of the negative control, although Bax mRNA expression was slightly elevated above the control level. After 7 d, however, a significant increase in anti-apoptotic Bcl-2 mRNA expression was noted: in contrast, Bax mRNA expression had decreased at 7 d; Bcl-2 inhibits apoptosis and contributes to cell survival and resistance of cells to damage [39] [40] [41] . Under conditions of relatively high expression of Bcl-2 and low expression of Bax, cell survival is enhanced [39] [40] [41] [42] . These results confirmed that the apoptopic activity, measured in terms of Bcl-2 and Bax expression and caspase 3 and 7 activity had not increased in cells seeded onto the developed scaffolds.
The enhanced proliferation of HOBs on the developed scaffolds compared to PLLA, as shown by MTT, LDH, and SEM, are in accordance with the results of our previous studies [19, 20] . The observed caspase activity is supported by the quantitative RT-PCR results, confirming that the developed scaffolds do not induce HOBs death.
CONCLUSIONS
The results show that the test scaffolds are cytocompatible with HOBs and do not impair cell adhesion and proliferation. The scaffolds are not cytotoxic and the cells adhere well to scaffold surfaces during the first 24 h. Cell viability, cytotoxicity and apoptosis assays demonstrate good cell growth and proliferation. In vitro, the test scaffolds met the cytocompatibility requirements and, therefore, warrant further investigation as potential constructs for application in bone tissue engineering.
